Magnetotactic bacteria consist of a group of taxonomically, physiologically and morphologically diverse prokaryotes, with the singular ability to align with geomagnetic field lines, a phenomenon referred to as magnetotaxis. This magnetotactic property is due to the presence of iron-rich crystals embedded in lipidic vesicles forming an organelle called the magnetosome. Magnetosomes are composed of single-magneticdomain nanocrystals of magnetite (Fe 3 O 4 ) or greigite (Fe 3 S 4 ) embedded in biological membranes, thereby forming a prokaryotic organelle. Four specific steps are described in this organelle formation: (i) membrane specialization, (ii) iron acquisition, (iii) magnetite (or greigite) biocrystallization, and (iv) magnetosome alignment. The formation of these magnetic crystals is a genetically controlled process, which is governed by enzyme-catalysed processes. On the basis of protein sequence analysis of genes known to be involved in magnetosome formation in Magnetospirillum magneticum AMB-1, we have identified a subset of three membrane-associated or periplasmic proteins containing a double cytochrome c signature motif CXXCH: MamE, MamP and MamT. The presence of these proteins suggests the existence of an electron-transport chain inside the magnetosome, contributing to the process of biocrystallization. We have performed heterologous expression in E. coli of the cytochrome c motif-containing domains of MamE, MamP and MamT. Initial biophysical characterization has confirmed that MamE, MamP and MamT are indeed c-type cytochromes. Furthermore, determination of redox potentials for this new family of c-type cytochromes reveals midpoint potentials of − 76 and − 32 mV for MamP and MamE respectively.
Magnetotactic bacteria
Magnetotactic bacteria consist of a taxonomically, physiologically and morphologically diverse group of prokaryotes, with the singular ability to align with the geomagnetic field lines, a phenomenon referred to as magnetotaxis [1] . This magnetotactic property is due to the presence of iron-rich crystals embedded in lipidic vesicles forming an organelle called the magnetosome. Compartmentalization into organelles was traditionally thought to be a feature of eukaryotes, but identification of prokaryotic membranebound organelles, such as the magnetosome, is increasing. Recent research efforts on this organelle have identified an increasing amount of the genetic determinants involved in magnetosome biogenesis, although the molecular mechanisms involved remain very poorly understood.
The magnetosome is formed by the alignment of vesicles each loaded with a single tiny magnetite (Fe 3 O 4 ) or greigite (Fe 3 S 4 ) crystal of approximately 50 nm in size. The alignment of 15-20 of these organelles acts like a compass needle to orient magnetotactic bacteria in geomagnetic fields, putatively simplifying their search for preferred microaerophilic environments [2] . Indeed, magnetotactic bacteria are generally found in the oxic-anoxic transition zone, where magnetotaxis would simplify the search for lowoxygen environments to a one-dimensional search rather than a three-dimensional one.
The magnetosome membrane consists of a lipid bilayer where specific soluble and transmembrane proteins are sorted [3] . Overall, magnetosome crystals have high chemical purity, narrow size ranges, species-specific crystal morphologies and exhibit specific arrangements within the cell. These features indicate that the formation of magnetosomes is under precise biological control and is mediated by a mineralization process, which is known as biologically controlled mineralization [4] .
The biogenesis of magnetosomes
Magnetosome biogenesis is an extremely sophisticated process, which includes: (i) membrane specialization and vesicle formation, (ii) protein targeting and assembly into magnetosomes, (iii) iron/sulfur-oxygen import and biomineralization, (iv) control of the crystal size, and (v) alignment of the magnetosomes in the cell. The formation of these magnetic crystals is a very precisely genetically controlled and enzyme-catalysed process [5] . The sequencing of Magnetospirillum magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1 genomes has led to the identification of a large genomic island, termed MAI (magnetosome genetic island) containing the genes potentially involved in magnetosome genesis (mam genes) [6, 7] ; its presence is ubiquitous to all magnetotactic bacteria.
Since the identification of the MAI, comparative analysis of genes involved in magnetosome formation is now possible since several genomes of magnetotactic bacteria have been sequenced [7, 8] . Most of these genes are located within a 130 kb MAI, which contains a high proportion of genes encoding transposases and many genes whose product has no homology with known proteins [9] . Proteomic approaches have been developed for a few strains [10] and have confirmed the association of specific Mam proteins to the magnetosome membrane. Only a few magnetosome proteins involved in magnetosome genesis or architecture have been characterized experimentally with respect to their functions (see [11] for a recent review).
Role of MAI genes
Genetic approaches were used to systematically delete MAI genes, allowing functional analysis of these genes through phenotypic characterization of deletion mutants in M. magneticum AMB-1 and M. gryphiswaldense MSR-1 [12, 13] . Combining these studies with previous literature, one can determined the involvement of individual mam gene products in four main steps of magnetosome formation: (i) magnetosome membrane formation (MamI, MamL and MamAB), (ii) magnetite crystal formation (MamE, mms6, MamB and MamM), (iii) magnetite crystal maturation (MamE, MamGFDC and MamPST), and (iv) magnetosome alignment (MamJ and MamK). Although most MAI genes involved in magnetosome synthesis have now been identified, the molecular mechanisms of organelle formation are still poorly understood since it is difficult to address the functional redundancy of the MAI genes (sequence similarities between and within genes in the MAI) using such genetic approaches. As a consequence, functional and structural characterization of purified Mam proteins are now one of the exciting scientific challenges in the magnetotactic bacteria field.
Putative redox proteins involved in magnetite biocrystallization
Biocrystallization is of particular interest not only from a fundamental point of view, but also for industrial purposes. Indeed, the magnetotactic bacteria biomineralized magnetite crystals are perfectly crystalline, have well-defined speciesspecific shapes and morphologies and remarkable narrow size distribution, attributes that are still unachievable chemically in vitro. Research into the iron-crystallization step of magnetosome genesis would thus provide fundamental data required for the stable and effective development of biogenic magnetic nanoparticles in advanced materials, medical sciences and biotechnologies.
Several questions remain concerning iron import into the magnetosome and nucleation of the magnetite crystal during organelle formation. Although all of the proteins involved are probably not yet known, a recent study indicates that MamB and MamM take part in this process [14] . These two proteins belong to the CDF (cation diffusion facilitator) family and therefore are likely to participate in iron transport into the magnetosome. The protein Mms6 also appears to be involved, since biochemical experiments have indicated that crystals formed chemically in the presence of Mms6 had a size range of approximately 20-30 nm and a cuboidal morphology similar to those produced by intact cells [15] . In addition to iron import into the magnetosome, and because magnetite is a mixture of both iron redox states (Fe 2 + and Fe 3 + ), there is a need to control the balance between these two states in the organelle and particularly during the biocrystallization process. Other than the above-mentioned role of MamAB and Mms6 in iron biomineralization, this phenomenon remains largely unknown.
Since redox proteins should most probably be involved in the biocrystallization process in order to control the Fe 2 + /Fe 3 + ratio inside the magnetosome, we have performed a bioinformatic analysis of MAI genes putatively involved in electron-transfer reactions. This led us to the identification of three gene products (MamE, MamP and MamT) containing several putative cytochrome c-like domains. c-Type cytochromes are characterized by covalent attachment of a haem group to the protein via two thioether bonds formed between the haem vinyl groups and cysteine sulfurs in a CXXCH peptide motif. Thanks to their haem moiety, cytochromes c are able to transfer electrons between different redox partners. Interestingly, the cytochrome c-like domains observed in magnetotactic bacteria are not recognized as a significant domain by specialized databases such as the Pfam, ProDom or COG. However, multiple copies of this domain are found in the three aforementioned proteins associated to the magnetosome (MamPET), this domain is strictly conserved within all known magnetotactic bacteria and is specific to magnetotactic bacteria as it is not found in any other species to date. For these reasons, we propose to name this domain a 'magnetochrome' domain.
Magnetochromes are associated to different functional domains
In addition to their magnetochrome domain, both MamE and MamT contain a predicted hydrophobic helix for membrane anchoring. In contrast, MamP contains a putative signal sequence that suggests a periplasmic targeting. Interestingly, both MamE and MamP proteins also contains one or two PDZ domains, a common structural domain found in signalling proteins that is involved in protein-protein interactions ( Figure 1A ). In addition, MamE contains a trypsin-like domain characteristic of an HtrA-type protease/chaperone. The little information available on magnetochrome-containing proteins shows that all three MamP, MamE and MamT mutant strains appear to be deficient in crystal maturation, whereas MamE also appears to be implicated in protein targeting to the magnetosome [13, 16] . In recent studies, the haem domain of MamE was recognized, and its deletion led to smaller magnetite crystals [13, 16] , suggesting an important role for this domain, explaining its over-representation in the proteins associated to the magnetosome. 
Magnetochrome domains are cytochrome c-like domains
Bioinformatic analysis on magnetochrome domains containing proteins MamP, MamE and Mam T in magnetotactic bacteria strains M. gryphiswaldense (MSR-1), M. magneticum (AMB-1), and Magnetospirillum magnetotacticum (MS-1) indicates the presence of two tandem magnetochrome domains in all three proteins ( Figure 1B) . It is noteworthy that, on the basis of the observed sequence organization, the magnetochrome domain entity corresponds to a single haembinding motif which, in the cases presented, is duplicated and corresponds to two near-identical motifs.
In an attempt to confirm the c-type cytochrome identity of this magnetochrome domain, we proceeded to the heterologous expression and purification of this domain. Preliminary data presented in Figure 2(A) indicates the spectral characterization of one such purified magnetochrome domain. Furthermore, we carried out the determination of midpoint redox potentials for two of these magnetochrome domain, resulting in potentials of − 76 and − 32 mV for the magnetochrome domains of MamP from Magnetospirullum marine (QH2) and MamE from M. magneticum (AMB-1) respectively ( Figure 2B ). The combination of these data clearly demonstrates the identity of the magnetochrome domain as a cytochrome c-like domain.
Putative functions of magnetochromecontaining proteins
Uniquely based on sequence comparison, domain organization or genomic environment, it is difficult to infer a function for the magnetochrome domain. Of course it contains the CXXCH motif typical of c-type cytochromes and therefore probably participates in electron transfer. However, the electron-transfer partner(s) and/or substrate(s) are unknown and will be at the forefront of future research. In this context, a few hypotheses can be made about their functions. First, magnetochromes can give electrons to an oxidized iron form, in order to participate in the crystallization and the formation of magnetite (which is a precise mixture of Fe 2 + and Fe 3 + ). In contrast, magnetochrome domains can participate in the extraction of electrons from reduced iron or from magnetite in order to keep it in a given redox state. Finally, one can envisage the magnetochrome domain as a kind of redox buffer that can take or give electrons from iron-containing crystals depending on the micro-environmental conditions, thereby participating in the balance between maghaemite (where the iron atoms are oxidized) and magnetite (with the right balance between oxidized and reduced iron atoms). In any case, a special segregation of the redox potential has been noted as necessary for magnetite formation inside the magnetosome [17] . Although it is highly speculative, one 
Figure 3 Hypothetical model for the involvement of magnetochrome-containing proteins in magnetite biocrystallization
In extracellular electron transport, electrons are shuffled from the quinone (Q)/quinol (QH 2 ) pool in the inner membrane (IM) to the CymA/NapC multihaem cytochrome, through the periplasm to reach the outer membrane (OM) through the MtrABC system. In magnetotactic bacteria, the identification of a NapC analogue will be investigated as a source of electrons to the MamPET proteins. Furthermore, little is known about the specific interactions and electron donors/acceptors for this subset of magnetotactic bacteria proteins; this will therefore be a central aspect of future research.
can use the organisms Shewanella or Geobacter as model organisms for the reduction of extracellular iron oxides [18] . These organisms are indeed able to form magnetite in the extracellular space in a non-biologically controlled process. In this case, the CymA multihaem cytochrome that is located in the inner membrane is responsible for the electron transfer from the quinone pool to an outer membrane electron conduit made of the MtrABC complex [19, 20] . The genome of M. magnetotacticum (AMB-1) contains a CymA analogue (periplasmic nitrate reductase NapC; amb2686) and an incomplete outer membrane complex lacking the extracellular MtrC subunit (MtrA, amb3017; and MtrB, amb3017). One can therefore hypothesize that electrons from the quinone pool could be transferred through NapC to magnetochromecontaining proteins MamP, MamE or MamT (Figure 3 ). In addition, this hypothesis is supported further by the fact that addition of nitrate to the culture medium of M. magnetotacticum stimulates magnetite production [21] . Future research will help to delineate electron-transfer chains and their importance in magnetosome assembly and magnetite formation. Whatever the function of the magnetochrome domain, its presence within three proteins of the magnetosome together with the fact that its occurrence is strictly restricted to magnetotactic bacteria suggests that it is an important domain for magnetosome assembly. This key role is confirmed by the phenotypes observed for strains deleted for either MamP, MamE or MamT showing a partial or a complete loss of the magnetic response. In addition to the magnetochrome domain, one can note that PDZ domains are also present in MamP and MamE. These PDZ domains are known to mediate protein-protein interactions through either a direct PDZ-PDZ interaction or through a mechanism of β-sheet extension with a peptide [22, 23] . Using a bacterial twohybrid screen, an interaction between the first PDZ domain of MamE and the C-terminal domain of MamB has already been discovered [14] . The possibility that additional interactions occur within the periplasm or inside the magnetosome is not excluded, although they should be difficult to study through bacterial two-hybrid screening as the c-type cytochrome assembly of magnetochrome-containing proteins requires a periplasmic maturation step. The co-occurrence of PDZ and magnetochrome domains in magnetotactic bacteria suggests that multiprotein, hence multihaem, complexes might occur inside the magnetosome. 
